Objective: Concussion is commonly associated with immediate and persistent alterations in motor function affecting postural control and gait. Patients with lower extremity joint injury have demonstrated functional alterations in the cerebral cortex suggesting that musculoskeletal injury may be linked to alterations in brain function. Therefore we examined the associations between concussion frequency and lower extremity musculoskeletal injury sustained during professional careers of National Football League (NFL) players in a cross-sectional study.
INTRODUCTION

Concussions are a common injury in American Football
movement patterns or impede the ability to maneuver around obstacles that may inflict injury; (7, 8, 27) therefore, the lingering neuromuscular affects of concussion may be associated with the increase risk of musculoskeletal injury sustained during sport.
Patients that have sustained multiple ankle sprains(32) and anterior cruciate ligament injuries(33) have demonstrated deficits in the excitability of the primary motor cortex. While these retrospective studies(32,33) are unable to elucidate if lower extremity joint injury was a cause or effect of altered cortical function, these recent studies provide emerging evidence of a link between musculoskeletal injury and cortical dysfunction. Intercollegiate athletes with musculoskeletal injury have also displayed cognitive impairments on automated neurocognitive assessments that are similar to the cognitive impairments demonstrated post concussion. (21) In a separate study, athletes that sustained non-contact anterior cruciate ligament injury demonstrated lower neurocognitive testing scores prior to anterior cruciate ligament injury compared to athletes that did not go on to sustain an injury.(38) These data suggest that neuromuscular deficits caused by a concussion may have increased the risk for sustaining a lower extremity injury. Furthermore, a preliminary study of intercollegiate athletes in the United States, (16) and a recently published study on European soccer players(30), both reported higher rates of musculoskeletal injury following a concussion compared to athletes who did not sustain a concussion.
Evaluating the association between concussion history and risk of future musculoskeletal injury may provide critical information for protecting athletes from sustaining multiple injuries (concussion and musculoskeletal). Better understanding the link between brain and lower extremity musculoskeletal injuries may expose new methods for diagnosis or explain underlying areas of pathophysiology that may be relevant to both concussion and lower extremity A C C E P T E D musculoskeletal injury; thereby providing a foundation for new rehabilitation paradigms for concussion and a variety of musculoskeletal injuries that are common in sport. Retired NFL players report a high incidence of lower extremity musculoskeletal injury and concussion associated with their football career, (1, 17) and thus, are a valuable population for examining the associations between these types of injuries. Regardless of causality, the hypothesized link between concussion and musculoskeletal injury is that altered movement due to one type of injury increases the risk of the other; therefore the rationale for the study is to evaluate the influence that concussion history may have on lower extremity injury in NFL football players.
The purpose of the current study was to examine the associations between concussion frequency and lower extremity musculoskeletal injury sustained during the professional careers of NFL players.
METHODS
Study Participants
Participants were members of The Health Survey of Retired NFL Players, an ongoing cross-sectional study that evaluates multiple aspects of self-reported health and collects previous injury history from retired NFL players. 
Health Survey of Retired NFL Players
The Health Survey of Retired NFL Players was a 13-page, paper-based questionnaire that collected player demographics, playing history (i.e. years of football played, positions played etc.), general medical history, joint injury history, and overall health status.
Concussions
Specific to the current study, we collected the number of concussions sustained during NFL playing years. The questions regarding concussions were worded, 1) "Did you sustain any concussions during your professional playing career", and 2) "If yes, answer how many." The first concussion question required a dichotomous answer (Yes or No), and the number of concussions sustained was recorded as a discrete value. For analyses, an athlete's career concussion frequency was categorized as 0, 1, 2, and 3+.
Musculoskeletal Injury
We collected the frequency of the specific musculoskeletal injuries that were sustained during each player's NFL career. Players were asked, "During your professional football career, Table 1 ), and for analyses examining each injury separately, these frequencies were condensed to create a dichotomous variable (0 vs. 1+).
To examine musculoskeletal injury more broadly, we created two body-site specific dichotomous variables (knee and ankle/foot) and a global lower extremity musculoskeletal injury frequency variable. Knee injury was considered present if there was at least one injury at the MCL, PCL, ACL, LCL, or meniscus. Ankle/foot injury was considered present if there was at least one Achilles tendon rupture, ankle ligament rupture, or ankle/foot fracture. The total number of lower extremity musculoskeletal injuries variable was defined as the sum of all injury types and was categorized as 0, 1, 2, 3, and 4+.
Covariates
We collected age at time of survey, height and weight (to calculate body mass index 
Statistical Analysis
Distributions were calculated for: 1) age at the time of survey, 2) BMI at the time of survey (from self-reported height and weight), 3) BMI during the football career, 4) percent change in BMI from career to survey, 5) total years played during professional football career, 6) playing position categories, 7) self-reported concussion frequency (1, 2, or 3+ concussions), 8) frequency of each musculoskeletal injury category (1, 2, or 3+ injuries), 9) total number of musculoskeletal injuries (1, 2, 3, or 4+ injuries), knee injury (present/absent), 10) and ankle/foot injury (present/absent). Separate logistic regression models were used to estimate associations between concussion frequency (0, 1, 2, and 3+) and each musculoskeletal injury type (0 and 1+), controlling for the number of NFL years played, body mass index during NFL playing years, and playing position. To explore relationships with the broader categories of musculoskeletal injuries, separate logistic regression models were used to estimate associations of concussion frequency (0, 1, 2, and 3+) with knee injury, ankle/foot injury, and total number of lower extremity musculoskeletal injuries, adjusting for the covariates listed above. The proportional odds assumption was tested to confirm that the association between the concussion variable and the 4-level total number of lower extremity musculoskeletal injury outcome were similar across sequentially more severe levels of the outcome (i.e., the same increase in odds applies across all categories of lower extremity musculoskeletal injury). If the assumption was met, a single odds ratio was calculated. If it was not met, a generalized logit model was used to calculate separate odds ratios by musculoskeletal injury category. If the 95% confidence interval for an odds ratio included 1.0, we considered the estimate to not be statistically significant, although we considered the magnitude of the odds ratio in our assessment of the strength of associations. We calculated the test-retest reliability for the self-reported concussion and lower extremity 
Results
Approximately 69% of the initial sample (N=3647) returned the survey (Figure 1) .
Concussion history or musculoskeletal injury data were missing in 4.8% of the 2552 participants returning the survey. Therefore, data from 66.6% of the total players surveyed could be used in this study (Figure 1 ). Individual sample sizes for each question were reported in Table 1 categories, knee meniscus tears were reported more frequently (32.3%) than other injuries, while half of the players completing the survey (50.2%) reported sustaining at least one knee injury and 32.6% of the players reported at lease one ankle injury (Table 1) . Achilles tendon ruptures (6.4%), PCL ruptures (7.7%), and LCL ruptures (8.5%) ranked among the least common lower extremity injuries reported to have been sustained by retired football players ( Table 1) . Results of adjusted analyses of the associations between concussion and lower extremity musculoskeletal injuries for the total sample are summarized in Tables 2 and 3 was met for models including the 4-level total number of lower extremity musculoskeletal injuries, and thus, a single odds ratio was calculated. Overall, a history of each of the musculoskeletal injuries was associated with a history of concussions (Table 2 ). For analyses of 1 vs. 0 concussions, results were statistically significant for hamstrings/quadriceps rupture, ACL tear, meniscus tear, ankle ligament rupture, knee injury, ankle/foot injury, and total number of lower extremity musculoskeletal injuries. In comparisons of 2 vs. 0 concussions, results were statistically significant for all musculoskeletal injury definitions except LCL tear and PCL tear.
Adjusted odds ratios were statistically significant for all musculoskeletal injury definitions in analyses comparing 3 to 0 concussions. For each musculoskeletal injury definition, the estimates tended to be greater with an increasing number of reported concussions (e.g., for meniscus tear, adjusted odds ratios were 1.43, 2.00, and 2.32 for comparisons of 1, 2, and 3+ concussions, respectively, to 0 concussions).
Discussion
Our study provides evidence of the association between self-reported concussions and musculoskeletal injuries sustained in the NFL. The overall odds of reporting a musculoskeletal injury increased when a greater frequency of concussions was also reported. Regardless of the reported concussion frequency there was a notable increase in the odds of reporting a knee or ankle injury in former NFL players that reported any number of concussions. Associations were significantly higher for all musculoskeletal injury categories in players reporting 3+ concussions.
For all musculoskeletal injury categories, except for hamstring/ quadriceps strains, there was a trend for increasing estimates as the number of reported concussions increased. There is limited previous data that has evaluated the association between concussion and musculoskeletal injury. (16, 30) The current study provides more evidence of a potential link between concussion and musculoskeletal injury. We acknowledge we cannot discern the causality of the association between musculoskeletal injury and concussion, as it is unclear from our cross-sectional data if the reported concussions preceded the musculoskeletal injury.
Furthermore, the time between concussion and musculoskeletal injury is not known; therefore, we are unable to determine how risk exposure may interact with the associations between concussion and musculoskeletal injury. The specific directional and temporal nature of the association between concussion and musculoskeletal injury cannot be concluded from the current data. Previous authors have presented, in abstract form, evidence that college athletes that have sustained a concussion are 3.79 times more likely to sustain a joint injury. (16) In a recent prospective study in European soccer players, Nordstrom and colleagues(30) reported that players that sustained concussions were at higher risk for sustaining other musculoskeletal injuries during the same year and in the year following the concussion. These data suggest that a concussion may initiate aberrant neuromuscular alterations that elevate the risk of musculoskeletal injury. Deficits in neurocognitive (26) and descending motor function(8,27) have been reported following concussion, suggesting that trauma to the brain can cause alterations in how patients process information and react to physical and cognitive stimuli from the environment. While we may hypothesize that unresolved neurophysiology from a previous concussion(27) may lead to a musculoskeletal injury by diminishing the ability to execute proper movement patterns, it is possible that sustaining a musculoskeletal injury may increase the risk The current study provides evidence of a link between concussion and lower extremity musculoskeletal injury in a unique group of retired NFL players that were at risk for both types of injury, yet there are limitations to our study that should caution some interpretation of the data and inform future research in this area. One limitation of our concussion and musculoskeletal injury data is that it is self-reported by the former NFL players. We are unable to validate our data because the NFL does not currently centralize or archive clinical medical records. There was moderate to good reliability demonstrated in self-reporting concussion and all musculoskeletal injury categories (weighted Cohen's k coefficient range= 0.43 -0.66) over an 18-24 month period. The reliability of reporting concussion frequency was better when retesting A C C E P T E D after 18-24 months (weighted Cohen k range= 0.59) than what has been previously published regarding this survey in this population conducted with 9 years apart (weighted Cohen k range= 0.48). (24) We chose to ask about more serious traumatic musculoskeletal injury, such as "ankle ligament rupture" rather than an "ankle sprain" as respondents may not have accurately recalled minor musculoskeletal injuries as well as traumatic injury. Some degree of recall bias would be associated with any self-reported survey; we feel that the traumatic nature of musculoskeletal injuries that we collected as part of the current study would likely have resulted in some time lost to participation, thereby minimizing the potential that our respondents would have forgotten that these specific musculoskeletal injuries occurred. We did identify 29 individuals in the current analysis that reported being diagnosed with Alzheimer's disease or dementia. We removed these individuals and performed a post hoc analysis and found that our results were unchanged, suggesting that including this small sub-set of respondents that had a high risk of failing to accurately recall injury history did not affect the overall results of the current study. It is also possible that some musculoskeletal injuries were not diagnosed or were under diagnosed during different periods of time in which respondents played in the NFL. Additionally, we do not have information on the high school or collegiate injuries that may have been sustained in these players. Future analysis should evaluate how high school or college injuries associate with injuries sustained in the NFL, which may improve our understanding of causality between concussion and musculoskeletal injury.
Conclusion
Our study provides evidence of an association between concussion and musculoskeletal injuries in retired NFL players. After grouping the musculoskeletal injury categories, knee injuries or ankle injuries were associated with 1, 2, and 3+ concussions. Prospective studies are warranted to confirm this association and to elucidate the underlying mechanisms driving these associations. Our study provides preliminary evidence that neuromuscular programs may be indicated to prevent musculoskeletal injury following concussion.
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